ABSTRACT: Animal studies suggest that perfluorocarbons (PFCs) may alter sexual maturation. Relationships of human PFC exposure with puberty are not clear. We conducted a cross-sectional study to investigate whether perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) were associated with indicators of sexual maturation in a 2005À2006 survey of residents with PFOA water contamination from the Mid-Ohio Valley. Participants were 3076 boys and 2931 girls aged 8À18 years. They were classified as having reached puberty based on either hormone levels (total >50 ng/dL and free >5 pg/mL testosterone in boys and estradiol >20 pg/mL in girls) or onset of menarche. We estimated the odds of having reached puberty classified by these criteria and the fitted median age of reaching puberty in relation to serum PFOA and PFOS concentrations measured when puberty status was assigned. For boys, there was a relationship of reduced odds of reached puberty (raised testosterone) with increasing PFOS (delay of 190 days between the highest and lowest quartile). For girls, higher concentrations of PFOA or PFOS were associated with reduced odds of postmenarche (130 and 138 days of delay, respectively). In conclusion, our study showed a later age of puberty in this population correlated with PFC concentrations.
' INTRODUCTION
Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are members of the class of man-made perfluorocarbon (PFC) compounds. They are ubiquitously present and persistent in environmental and biological samples.
1 Concern about the health effects of these compounds has increased due to their reported experimental animal toxicity and potential adverse human health effects.
2 Several animal studies have highlighted the ability of PFOS and PFOA to affect the endocrine system. 3 Thus, exposure to higher PFOA concentrations has been associated with lower testosterone levels and higher estradiol levels in male adult rats 4, 5 and with higher progesterone levels in peripubertal female mice. 6 Exposure to PFOS has been associated with lowered estradiol levels in male monkeys 7 and elevated testosterone levels in males from some fish species. 8 Animal studies have also reported the specific effects of PFOA/PFOS treatment during various critical development stages on sexual maturation, although results are inconsistent since one study did not find any association, 9 while others found a delay 10À12 or an acceleration 6,12,13 of pubertal development. Human studies on potential endocrine effects of PFCs are not consistent. Neither PFOA nor PFOS was associated with estradiol and testosterone levels in American male workers 14 nor among Danish men. 15 In a study of adult women in the same community as the present paper, PFOS and PFOA concentrations were positively associated with earlier menopause and PFOS concentrations with lower estradiol levels. 16 In a study of sexual maturation in a British cohort, prenatal PFOA and PFOS concentrations were not significantly associated with self-reported menarche. 17 However, there is one American study, available only as an abstract, reporting earlier pubertal maturation (assessed as breast maturation) associated with raised PFOA concentrations. 18 The underlying mechanism on how PFC compounds may affect the endocrine system remains unclear. A study did not find an estrogen-dependent proliferation capacity for PFOA and PFOS using the human MCF-7 breast cancer cell assay. Environmental Science & Technology ARTICLE may be mediated by the estrogen receptor pathway. 20 In male rats, it has been reported that the decrease in testosterone levels may be due to reduced conversion of 17R-hydroxyprogesterone to androstenedione 5 and the increase in serum estradiol levels may be due to aromatase induction in liver 4 after exposure to PFOA. In addition, an in vitro study has reported PFOA directly inhibits testosterone release from Leydig cells removed from the adult rat testes. 4 PFOA has been used in the manufacture of fluoropolymers at a chemical plant in Washington The aim of the present study was to assess the associations between PFOA and PFOS concentrations and indicators of sexual maturation (based on levels of sex steroid hormones and self-reported menarche status) in children aged 8À18 years from the Ohio and West Virginia communities, in a cross sectional analysis of data collected during 2005À2006.
' MATERIAL AND METHODS C8 Health Project and C8 Science Panel Populations. The C8 Health Project enrolled community participants of all ages between August 2005 and July 2006. This community was relatively highly exposed to PFOA; however, PFOS concentrations correspond to US-wide average levels. All participants gave written informed consent prior to inclusion. Enrollment criteria and consent procedures are described in a previous publication. 21 Briefly, subjects were eligible if they could document public drinking water consumption for at least one year before December 3, 2004, supplied by the contaminated water districts. The C8 Health Project collected data on 69,030 people. The participation rate of people still living in the exposed water districts at survey has been estimated for age groups 5À10, 11À14, and 15À19 years to be 77, 87, and 95%, respectively. 21 Within the C8 Health Project population, 69% further consented to have their contact details provided to the C8 Science Panel to allow participation in further research. Full date of birth is available only for this consented population, which was needed for precise dating of age and pubertal status at time of interview and blood draw. These analyses are restricted to ages 8À18 years when most children reach puberty. There were 4677 boys and 4393 girls aged 8À18 years at enrollment among the 69,030 participants. Of these, 3076 (66%) boys and 2931 (67%) girls had available serum biomarkers, PFOA and PFOS concentrations, consent for contact from the C8 Science Panel, accurate information on age of birth (day, month, and year), and questionnaire data. Therefore, the final present study sample comprised 6007 participants.
Serum PFOA and PFOS Determination. Laboratory analyses of PFOA and PFOS were conducted by a commercial laboratory (Exygen, State College, PA, USA). The laboratory analytical methods and quality control procedures were described elsewhere. 21 Briefly, serum concentrations of PFOA and PFOS were determined using liquid chromatography separation with detection by tandem mass spectrometry. Estimates of precision for PFOA were generally within (10% for multiple replicates over the range of 0.5 ng/mL to 40 ng/mL with a more precise relative precision measure of approximately 1% for highly fortified (10,000 ng/mL) samples. Relative precision estimates for PFOS were similar. The detection limit (LOD) for PFOA and PFOS was 0.5 ng/mL, and observations below LOD were assigned a value of 0.25 ng/mL (none and N = 11 in the case of PFOA and PFOS, respectively, for this study population).
Sex Steroid Hormone Determination, Self-Reported Menarche, and Pubertal Status. Clinical laboratory tests were performed at an accredited clinical diagnostic laboratory (LabCorp, Inc., Burlington, NC, USA). Estradiol and total testosterone levels were measured in serum samples by using an electrochemiluminescence immunoassay (ECLIA; Roche Diagnostics, Indianapolis, IN, USA) with LODs of 7 pg/mL and 10 ng/dL, respectively. Free testosterone was measured by a radioimmunoassay (Coat-a-Count; Siemens Healthcare Diagnostics, Los Angeles, CA, USA) with LOD of 0.2 pg/mL. The number of girls with estradiol levels <LOD was 149, and the number of boys with total testosterone and free testosterone levels <LODs were 158 and 608, respectively.
The participants (or their guardians, for younger participants) completed a questionnaire on sociodemographic characteristics, current and historic residential and employment information, lifestyle, family medical history, and health variables. The questionnaire included a question that was worded as follows: "At what age did you begin menstruation (have your first period)?" Girls were asked to select one of the following categories: <10 years, 10À12 years, 13À15 years, g16 years, have not begun to menstruate, never menstruated, do not know/not sure. Girls who reported not to know/be sure about the beginning of the menstruation were excluded. For statistical analysis, we generated a dichotomous variable: yes (menarche had started) or no (not yet) to be modeled in relation to exact age at interview.
We used cutoff points of 50 ng/dL and 5 pg/mL for total and free testosterone in boys and 20 pg/mL for estradiol in girls as indicators of sexual maturation. These cutoff points have been used in previous studies 23À25 and performed very well in this population for boys, in discriminating the pre-and postpubertal children. For girls, the sensitivity and specific of the estradiol cutoff was poorer, as is evident in the higher proportions above the cutoff for very young girls and lower proportion below the cutoff for older girls (Table 2) . Also, we interpret the fall in the proportion of girls above the cutoff for those >15 years to be due to under-reporting of contraceptive use.
The questionnaire provided some information on contraceptive pill usage from responses to an open question on pharmaceutical use, and this was low among older girls. Published data indicate that 9% of 15À17 year old girls in the US report oral contraceptive use, 26 whereas only 2% reported pill use in this age range in our population. Half of these 36 subjects' estradiol levels were e20 pg/mL and thus would have been incorrectly classified as prepubertal, based on estradiol levels alone, although they reported being postmenarchal. We therefore combined information on being postmenarche into the estradiol-based indicator to address the underascertainment of data on hormonal contraceptive use. Thus, the estradiol combined indicator classified girls as postpuberty if either estradiol levels >20 pg/mL or they were postmenarchal. Given these concerns about the predictive value of the estradiol cutoff, we place more emphasis on results using menarche than estradiol as an indicator of pubertal maturation.
Confounders. Covariates considered for inclusion in the models were demographic and lifestyle factors available in the data set as follows: age at survey, body mass index (BMI in quintiles) z-score based on the 2000 CDC growth charts of BMIfor-age, 27 height (quintiles), annual household family income (e$10,000, $10,001À20,000, $20,001À30,000, $30,001À40,000, $40,0001À50,000, $50,001À60,000, $60,001À70,000, and > $70,000, and do not know), ethnicity (non-Hispanic white vs other), ever smoking (yes or no), ever alcohol intake (yes or no), and time of sample collection (both month of sampling for seasonal variation and hour of the day for diurnal variation in hormone levels).
Statistical Analyses. Subjects were classified as having reached puberty or not, based on self-reported menarchal status and blood sample hormone levels at the time of interview, which has been called the status quo method. 28 In this analysis, pubertal status at a given age can be seen as a measure of cumulative incidence of puberty up to that age, which in turn reflects the age distribution of reaching puberty.
We estimated the association between pubertal status and concentrations of PFOA and PFOS by logistic regression, controlling for age (fitted as a cubic spline with three knots in all models separately by gender) and time of day of giving the blood sample (for boys). Age needs to be well controlled as PFC concentrations are inversely associated with age in the age range studied. 21, 29 To investigate these associations and explore the shape of any exposure-response relation, we fitted each exposure variable in two ways: (i) as a categorical variable (quartiles) and (ii) as a natural log-transformed continuous variable. The natural logarithm transformation was made because, in general, in these data, associations with the exposures thus transformed were more nearly linear than those with untransformed exposures. We assessed the potential for confounding between these correlated exposures (rho = 0.27, p < 0.001) by inclusion of PFOA and PFOS together in models.
The median age of puberty can then be estimated from the modeled proportion reaching puberty by age, by identifying the age at which 50% prevalence was predicted. For estimating impact for each puberty indicator, we derived the shift in median age of puberty between different PFOA and PFOS categories.
We examined sensitivity of ORs for PFCs to inclusion in the model of several potentially confounding covariates, and only time of day of blood sampling in models with puberty classified using testosterone acted as a confounder, with the PFC coefficient changing by over 10% when added to the model. Information on annual household family income was available for only around two-thirds of the study population and did not act as a confounder in this subsample. Our analyses relied primarily on classification of status at interview, rather than the recalled age of menarche groups, as age was known precisely. However, as a secondary analysis, we made use of responses to the question about the broad age group of the beginning of menarche, to investigate whether in girls aged g16 years who had started periods by the time of survey, there was evidence of later reported age at puberty according to PFC concentrations. Specifically, we consider the classification of age at first period (<10, 10À12, 13À15 years) as an ordered outcome and carried out an ordinal (cumulative odds) regression 30 with (log) PFC concentrations. We used the statistical software package STATA for all statistical analyses (StataCorp. 2009. STATA Statistical Software: Release 11. College Station, TX: StataCorp LP). a BMI = body mass index; GM = geometric mean; GSD = geometric standard deviation; PFOA = perfluorooctanoic acid; PFOS = perfluorooctane sulfonate; SD = standard deviation. Missing values in variables were as follows: BMI = 204 (3.4%), annual household family income = 1297 (21.6%), ever alcohol consumption = 956 (16%), and ever smoking = 11 (0.2%). Missing values were not considered for percentage calculation.
' RESULTS Study Population and PFOA and PFOS Concentration. Table 1 shows the characteristics of the study population and the PFOA and PFOS concentrations. Approximately 97% of the population was white, and 36% declared having a household family income <$20,000 per year. Median PFOA and PFOS concentrations were 26 and 20 ng/mL in boys and 20 and 18 ng/ mL in girls, respectively.
Sex Steroid Hormone Levels and Self-Reported Menarche. Table 2 shows the percentage of girls and boys who had reached puberty at each year of age, for each indicator (levels of sex steroid hormones or menarche). Transition to puberty based on these criteria was reached for most in the age range 10À15 years, and, as expected, girls started puberty at a younger age than boys. The median age by each indicator ranged from 10.8 to 13.8 years. Increased free testosterone is a marker of a more advanced pubertal stage in boys and increased estradiol a marker of an earlier stage in girls.
Association between PFC Concentrations and Puberty at Age of Interview. Table 3 shows the association between PFC concentrations and pubertal status using raised testosterone levels in boys as the indicator. We found a clear relationship of reduced odds of having reached puberty using total testosterone (>50 ng/dL) as an indicator, with increasing PFOS (delay of 190 days between the highest and lowest quartile). For PFOA, no significant difference in risk of puberty across quartiles was found, and in the PFOA log-transformed model, the suggestion of a trend in PFOA-associated delays (puberty based on raised total testosterone) is weakened when PFOS is included. We found a similar pattern but with slightly weaker effect sizes for All models adjusted for age and time of taking sample. a Delays in median age (in days) of onset of puberty with respect to first PFOA/PFOS quartile or by unit in LnPFOA or LnPFOS.
b Models include quartiles of PFOS.
c Models include quartiles of PFOA. d CI = confidence interval; OR = odd ratio; PFOA = perfluorooctanoic acid; PFOS = perfluorooctane sulfonate; Q = quartile. free testosterone (>5 pg/mL). Figure 1 illustrates the model fit and the shift (in relation to PFOS quartiles) in the distribution of the prevalence by age of having reached puberty by using the indicator of testosterone >50 ng/dL. The age at which each line reaches 50% is the median age of achieving puberty for that group, and the displacement to older ages with increasing quartile of PFOS is the difference between these predicted median ages. Table 4 shows the association between PFC concentrations and pubertal status in girls using self-reported menarche and the estradiol combined indicator (either estradiol levels >20 pg/mL or report menarche). Higher concentrations of PFOA or PFOS were associated with reduced odds of postmenarche (130 and 138 days of delay between the highest and lowest quartile, respectively). In models containing both PFCs, there was still evidence of an effect of each. For puberty derived from estradiol combined indicator, there was evidence of an association with PFOS but not PFOA, with a delay of 289 days between first and fourth quartile of PFOS.
Sensitivity analyses were conducted to investigate if our model results were affected by inclusion of other variables (month of sampling, race, BMI, height, annual household family income, smoking, or alcohol intake) and which, apart from BMI and height, did not show any changes in the puberty-PFC associations. In models including BMI (which shows a strong association with puberty), the ORs for total testosterone models were 0.86 (95% CI = 0.76À0.99) and 0.49 (95% CI = 0.36À0.67) for log-transformed PFOA and PFOS concentrations, respectively, and ORs in menarche models were 0.84 (95% CI = 0.73À0.97) and 0.76 (95% CI = 0.55À1.05), for log PFOA and PFOS, respectively. In models including height (which also shows a strong association with puberty), the ORs for total testosterone models were 0.87 (95% CI = 0.76À0.99) and 0.60 (95% CI = 0.44À0.80) for log PFOA and PFOS concentrations, respectively, and ORs in menarche models were 0.83 (95% CI = 0.72À0.96) and 0.73 (95% CI = 0.52À1.01), for log PFOA and PFOS, respectively. All results for PFOA were virtually identical, and for PFOS there were modest shifts; for example, for menarche, where including BMI or height changed the OR from 0.60, without these terms, to 0.76 or 0.73. From these sensitivity analyses, neither height nor BMI was judged to be a strong confounder; however, even these changes in OR need to be treated with caution and their inclusion may lead to an overadjustment. Insofar as height or BMI change is a consequence of pubertal maturation, any association between PFC and these attributes may be mediated by puberty, the outcome of interest.
Respondents had provided information on age of menarche based on recall, and these were examined in a secondary analysis for consistency with our findings. Among girls g16 years the OR from ordinal regression across the three age groupings (<10, 10À12, 13À15 years) indicated a reduced risk of younger menarche in association with PFOA, OR 0.83 per log unit PFOA (95% CI = 0.74À0.93) but not in relation to PFOS, OR 0.87 (0.69À1.09). These findings are consistent in direction with the main analysis results.
' DISCUSSION
In the present cross-sectional analysis, PFOA and PFOS concentrations were associated with later age of sexual maturation to various degrees, in boys and girls, as measured by sex steroid hormones and by self-reported age of menarche, as indicators of having reached puberty. For PFOS, associations were found with later age of having reached puberty in boys and girls using each of the indicators of puberty. For PFOA, the evidence for later puberty was evident for girls but not for boys.
To our knowledge, there is no previous epidemiological study on exposure to these contaminants and sexual development in boys to compare our results of later sexual maturation associated with PFOS concentrations (190 days between the highest and lowest quartile). In adults, cross sectional studies of PFOA/ PFOS concentrations and testosterone levels found no associations in a study among employees with occupational exposure 14 or in the Danish general population. 15 In girls, our results on an association between concentrations of PFOA or PFOS and later age at having reached puberty (130 and 138 days, respectively) can be compared with two studies. Christensen et al. 17 assessed puberty and PFCs in the UK ALSPAC birth cohort. They compared 218 girls with early puberty (reported as <11.5 years) with a similar number with later puberty, in relation to PFC concentrations in cord blood. Exposure contrasts for PFOS were similar to the present study (interquartile range = 15À25 versus 14À27 ng/mL in the present study) but much lower for PFOA (2.8À4.8 versus 11À58 ng/mL in this study). They computed the ORs for early puberty in relation to log-transformed PFC concentrations or dichotomized exposures and in no case did the confidence intervals exclude 1.0. Of the ten PFCs reported, the strongest effect in terms of adjusted ORs per unit change in (natural) log PFC was for PFOS with a value of 0.68 (95% CI = 0.40À1.13) All models adjusted for age. a Estradiol combined indicator: either estradiol >20 pg/mL or postmenarche.
b Delays in median age (in days) of onset of puberty with respect to first PFOA/PFOS quartile or by unit in LnPFOA or LnPFOS.
c Models include quartiles of PFOS. d Models include quartiles of PFOA.
e CI = confidence interval; OR = odd ratio; PFOA = perfluorooctanoic acid; PFOS = perfluorooctane sulfonate; Q = quartile.
Environmental Science & Technology ARTICLE of a similar magnitude to our result (OR = 0.60, 95% CI = 0.43À0.83). For PFOA, their adjusted OR is close to 1, with wide confidence intervals (OR = 1.01, 95% CI = 0.61À1.68) per unit change in natural log PFOA concentration. 17 A positive relationship between higher PFOA concentrations and Tanner stage B2þ of breast maturation at the 1 year follow-up visit was reported in a study in Ohio, USA, suggesting earlier puberty in relation to PFOA concentrations. 18 The differences between these two last epidemiological studies and the present one include the following: the population size, the specific outcome considered or measurement of it, exposure concentrations (much higher PFOA concentrations in the present population), and the type of study (cross-sectional versus prospective in the previous two studies).
Puberty is a vulnerable stage of life where disturbance has been linked to increased health problems. Thus, severe delays in the onset of puberty (>18 years) in girls have been reported to be a risk factor for infertility, 31 and more modest pubertal delays (g13 years) have been associated with endometriosis, which may be in the pathway for infertility. 32 The parallel finding of delay in puberty among boys is less clearly associated with reproductive health problems. Delays in puberty have been associated with higher risk of osteopenia in adult men 33 and with bone mineral density in adult women 34 which may be related with osteoporosis. Delayed puberty has also been associated with psychosocial problems. 35 Our findings of statistically significant delays in the age of having reached puberty are of interest, although whether a later age in sexual maturation of 3 to 6 months has clinically important long-term impacts on physical health and psychological wellbeing has yet to be determined.
The strengths of the present study include the large sample size and the fact that the participation rate in the community was high, diminishing concern about potential selection biases and chance findings. It is believed that this population is representative of all those children who drank contaminated water in the Mid-Ohio Valley. The age range studied is relatively narrow, and these compounds have long half-lives; therefore, unless puberty itself or related phenomena changed concentrations of PFCs in serum then a good level of correlation between exposure at the time of survey and only a few years earlier would be expected. It is reassuring for the validity of our data that the pattern of increase in prevalence of menarche according to age is broadly in accordance with that reported by a study of 18,549 girls surveyed in 1992À1993 in the US. 36 Mean (SD) age of menarche in that study was 12.9 (1.2) years versus a median age of 12.5 years in the present study. The availability of time of day of sampling enabled us to successfully adjust for time to avoid potential confounding from diurnal fluctuations in testosterone levels. Finally, monitoring of hormone levels is emerging as a useful marker of sexual maturation, and the selected hormone cutoff points in the present study correlated with classifications by Tanner stages in previous reports. 23, 25, 37, 38 A weakness of the present study is the lack of PFC concentrations measures prior to puberty. For those who had reached puberty, the measure of PFCs in blood was taken after puberty had been reached, and there is a concern that behavioral and physiologic changes associated with puberty (including menstrual blood loss) may lead to changes in PFC concentrations in serum, and for PFOA in particular, a change in water consumption patterns and hence uptake. For example, if puberty causes changes in PFOA and PFOS blood concentrations due to menstrual blood loss, this could manifest itself as menarche appearing to be inversely associated with exposure. Further work on this population in relation to PFOA concentrations, before puberty starts, will be able to address some of these concerns. A further limitation is the lack of direct information on secondary sexual maturation, for example, according to Tanner's criteria. 39, 40 Use of Tanner's criteria is not straightforward due to possible interobserver variability. A combination of physical examination and biomarker measures would be desirable.
In conclusion, these cross-sectional analyses suggest later age of pubertal maturation, using sex hormone levels as markers of sexual development, is correlated with PFOS in boys and later age of menarche is correlated with PFOA and PFOS concentrations in girls. Our results suggest later age at having reached puberty of 3 to 6 months across the range of concentrations found in this population for both boys and girls. 
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